Computer simulations of systems of soft repulsive spherocylinders (SRS) of aspect ratio ( L = D ) equal to 4 have been carried out using the parallel molecular dynamics program GBMOLDD. At su ciently high densities the system forms stable nematic and smectic-A liquid crystalline phases. Results are presented for a series of seven isochores in the NVE ensemble, and for isobars at T ¤ˆk T ="ˆ0:5; 1:0; 1:5 in the NpT ensemble.
Introduction
Recent years have seen substantial progress in the simulation of liquid crystal systems [ 1± 3] . Such simulations frequently require large numbers of mesogenic molecules. This is particularly true for the calculation of material properties, such as elastic constants that require the computation of a wavevector-dependen t ordering tensor in the low-k limit [4, 5] , or for the study of smectic phases where many particles are required to represent individual smectic layers. In these cases it is desirable to use models that are cheap, in terms of computer power, but which still capture the essential physics of real mesogenic molecules. The most commonly studied model systems are the hard spherocylinder model [6, 7] and the soft-particle Gay± Berne mesogen [ 8± 10] . In this study, computer simulations of a`hybrid' system of soft repulsive spherocylinders (SRS), which have only been brie¯y examined in the past [11± 13] , are carried out in order to determine the phase behaviour of the system. The computational model is appealing due to its relative cheapness but in this paper is shown to be rich in phase behaviour, exhibiting both the nematic and smectic liquid crystalline phases. In addition the short-range nature of this potential makes it highly suitable for use in parallel domain decomposition algorithms [14, 15] , which can provide for the simulation of extremely large systems [16] of mesogenic molecules.
The layout of this paper is as follows: the computational model and simulation details are described in } 2, the results of our work are presented and discussed in } 3 and our conclusions are made in } 4.
Model and simulation details
We consider a system of 675 spherocylinder molecules with a purely repulsive short range pair potential of the form
where ¼0ˆD, the diameter of the spherocylinder, d ij is the shortest separation between hard lines of length L that run through the middle of each spherocylinder (® gure 1) and d cutˆ2 1=6 ¼0. In this study we use spherocylinders with aspect ratio L = Dˆ4 (total length-tobreadth ratio of 5:1). Hard spherocylinder particles have already been shown to form nematic and smectic phases for this aspect ratio. Figure 2 shows the form of the potential as a function of intermolecular separation, r ij, for diOE erent ® xed orientations of pairs of spherocylinders. The spherocylinder molecules were initially placed, completely aligned, in a simulation box of cubic dimensions subject to periodic boundary conditions. A molecular dynamics (MD) simulation using a Nos´e± Hoover thermostat NVT ensemble was used to`melt' the system until the isotropic phase was obtained. The NVT ensemble was then used to sequentially reduce the temperature of the system to desired levels. Equilibration was generally achieved at each temperature after 1 -5 £ 10 5 steps. Finally, MD simulations in the NVE ensemble were used to equilibrate the sample at each state point and to ® nd the average temperature, pressure and order parameter, S 2 , for the system over a production run (0.5± 2 £ 10 5 steps). S 2 was calculated as the largest eigenvalue obtained through diagonalization of the ordering tensor
where b u i u i is the vector de® ning the long axis of the spherocylinder,¯is the Kronecker¯and ¬; ˆx; y ; z refer to the space ® xed axes. Uncertainties were found by performing standard error calculations on the data collected during these production runs. The system generally took longer to equilibrate near phase boundaries, especially when close to the isotropic± nematic transition (typically 1± 1:5 £ 10 5 steps longer). A velocity Verlet algorithm was used for integration of the equations of motions using a reduced time-step of 0:0003 <¯t
The actual time-step used for each state point depended on the temperature and density of the system studied, with higher temperature state points requiring shorter timesteps. In each case the stability of the integration algorithm was checked and no drift in the total energy was seen in the NVE ensemble.
The spherocylinder system was studied at a number of diOE erent densities to allow an approximate phase diagram of the system to be mapped out. All the MD simulations conducted in this study were done with the MD program GBMOLDD [14, 15] , which uses the domain decomposition algorithm for parallelization. Runs were carried out on single workstations and on eight processors of a Cray T3E. (GBMOLDD is equally e cient on single processor systems (single domain) or on a parallel computer system for both single site mesogens or for¯exible molecules composed of multiple isotropic or anisotropic sites. However, the relatively small system size used in this work limits the maximum number of domains to eight.)
To characterize highly ordered systems that form at high densities and/or low temperatures, NpT ensemble (Nos´e± Hoover thermostat and Hoover barostat [17, 18] in the form proposed by Toxvaerd [19] ) simulations were performed on selected state points with S 2 > 0:8. This removes problems of phase coexistence by not constraining the density of the system and checks whether the presence of smectic phases is in¯uenced by the ® xed periodic boundary conditions of the NVE ensemble. In addition, NpT simulations (as previously speci® ed) were carried out for three reduced temperatures ( T ¤ˆ0 :5; 1:0; 1:5) covering a range of pressures from P ¤ º 1:5± 12.5, which covers the whole phase diagram.
In these simulations the SRS system was equilibrated at a low pressure in order to form a disordered isotropic phase. The pressure of the system was then sequentially increased. At each state point the system was equilibrated for approximately 1 £ 10 5 steps and system averages were taken over a further 1 £ 10 5 steps.
Results and discussion
The NVE results for the L = Dˆ4 system of soft repulsive spherocylinders are summarized in table 1. The results are presented using the reduced units convention, for the reduced density, » ¤ˆ» ¼ 3 0 , the reduced temperature, T ¤ˆk T =" and the reduced pressure, P ¤ˆ¸0 P = kT , where¸0 is the volume of a spherocylinder. For each state point in table 1 we have attempted to identify the phase formed from the degree of orientational order, given by S 2 , and the degree of translational order, given by the centre of mass pair distribution function resolved parallel and perpendicular to the direction of orientational order (described below). In the case of each isochore, reduction in temperature results in the formation of a nematic liquid crystal phase. Figure  3 shows the time evolution of the order parameter, S 2 , during a typical simulation run (» ¤ˆ0 :131 857, T ¤ˆ1 :404) where the nematic phase is grown directly from the isotropic phase. For » ¤ˆ0 :131 857 the nematic phase typically required 1.5± 2 £ 10 5 steps to grow com- pletely from the liquid but the number of simulation steps needed for equilibration was highly dependent on the density and temperature at which the simulation was conducted.
The T ¤ dependence of S 2 for diOE erent reduced densities is plotted in ® gure 4. As density is increased, it is evident that a nematic phase forms at increasingly high temperatures, or conversely, increases in density at ® xed temperature lead to nematic formation as predicted by Onsager theory. This behaviour is expected from earlier studies of hard spherocylinder models [6, 7] . The work of McGrother et al. [6] predicts an isotropic± nematic phase transition for aspect ratios of just less than L = Dˆ4 , and we would expect the SRS system to exhibit similar trends. In the absence of attractive forces in these models, orientational order is primarily in¯uenced by the competition between rotational and translational entropy. At higher densities the loss in rotational entropy induced by orientational ordering is more than compensated for by the gain in translational entropy caused by the molecules aligning.
With the exception of the lowest density studied, we were able to see the formation of smectic layers at low temperatures for each of the isochores studied in table 1. For ® xed periodic boundary conditions the possibility arises that smectic layers can form with a layer structure than is incommensurate with the box dimensions. Consequently, we carried out constant pressure runs for some of the low temperature state points from table 1, to produce the NpT results listed in table 2. The layer ordering was monitored through the behaviour of the radial distribution function g … r †, and its components parallel, g k … r †, and perpendicular, g ? … r †, to the director (as shown in ® gure 5 for selected state points) and the centre of mass structure factor S … k †. The simulations clearly demonstrate the formation of smectic layers with the layer normal parallel to the director resulting in oscillations in g k … r †, as shown in ® gure 5 ( b ). On cooling from the nematic, the in-plane ordering represented by g ? … r † is liquid like (as shown in the ® gure 5 ( c )), which con® rms that the initial phase formed on cooling the nematic is a smectic-A phase, rather than a smectic-B phase. Again, this result is expected from the behaviour of hard spherocylinders [6, 20] , where a smectic-A phase is seen for elongations of L = D > 3:2. In table 1, we note that the transition from a nematic to a smectic-A phase at constant volume is accompanied by a small drop in pressure. This is indicative of a ® rst order phase transition, again, similar to the behaviour of hard spherocylinder models. Visualization of snapshots from the simulation also con® rm that isotropic, nematic and smectic-A phases were formed (see ® gure 6). However, our simulations are not su ciently detailed to con® dently determine the nature of the highest density phase formed in these systems (where S 2 > 0:9). This may be either a smectic-B phase or a solid. An accurate determination of this phase requires free-energy calculations to be performed along with further NpT ensemble simulations on much larger system sizes. Identi® cation of the high density phase is not the main aim of the current work. However, by comparison with hard spherocylinders it is likely that this high density phase is solid.
To aid detailed comparison with previous isothermal± isobaric Monte Carlo work on hard spherocylinders with the same aspect ratio, we carried out an additional set of simulations for three isotherms in the NpT ensemble (table 3). The hard spherocylinder system was found to exhibit a weakly ® rst-order transition from an isotropic phase (» ¤ º 0:129, P :70) to a smectic-A phase (» ¤ º 0:137, P ¤ˆ8 :06). So in comparison to the hard system, in the SRS¯uid at T ¤1 :0 the nematic phase is stabilized slightly with respect to the isotropic liquid, but destabilized with respect to the smectic-A phase. These results are not surprizing because, in comparison to a hard spherocylinder with a cut-oOEat ¼0, the soft shoulders of the SRS mesogen make it slightly larger.
In ® gure 7 we plot the nematic order parameter for each of the isotherms T ¤ˆ0 :5, 1:0 and 1.5. As the temperature is increased both transitions are pushed to higher densities. However, unlike Gay± Berne particles where attractive forces exist, the extent of the nematic range is not in¯uenced strongly by moving to higher temperature isotherms (for a comparison see ® gure 13 of [21] for isotherms of an elongated Gay± Berne potential (4:1)). From estimates obtained from table 3 and the work in reference [21] , it appears that the density change at the phase transition is smaller for the SRS system than for a 4:1 Gay± Berne potential. This is encouraging because typical experimental density changes at a phase transition are usually small in comparison to those predicted by simulation. Other variations of the spherocylinder model have also been looked at [ 22± 24] . One notable study involved the simulation of dipolar hard spherocylinder (DHSC) systems [22] . A detailed comparison of the SRS and DHSC models is di cult, because there is no published data for DHSCs with an aspect ratio of 4. However, it is interesting to note that dipoles were found to destabilize the nematic phase with respect to both the isotropic and smectic-A phases in contrast to the work described in the current study.
In view of the interest in the SRS potential as a reference system for the large scale simulation of liquid crystal phases, it is of some curiosity to compare the computational cost of the SRS potential with other well-known continuous single-site potentials. The most common of these, in recent years, has been the Gay± Berne potential. However, a detailed comparison with this potential is extremely di cult because the speed of the program depends upon the time-step used, the cutoOE employed, whether or not the potential is shifted (such that corrections are computed at the cut-oOE ), the density of the system and the phase the system is in (for example the SRS requires less computational eOE ort for a time-step in the nematic phase than in the isotropic phase). In turn the phase behaviour, the time-step and the cut-oOEare all governed by the length of the molecule. Despite these provisos we note that for our program, the SRS potential is 3± 4 times faster than the commonly used 3:1 Gay± Berne system of de Miguel et al. [9] .
Conclusion
In this work we have presented the results of computer simulations of soft repulsive spherocylinders of aspect ratio L = Dˆ4 using the molecular dynamics program GBMOLDD. Our results show that systems of soft repulsive spherocylinders can form stable nematic and smectic-A liquid crystalline phases. The relative cheapness of the computational model used make soft repulsive spherocylinders an ideal reference system for future work. In addition the continuous nature of the potential and the lack of long-range attraction makes it a highly suitable model for use in parallel domain decomposition molecular dynamics programs [14, 15] , thereby facilitating the simulation of large numbers of particles on multi-processor computers.
We are currently using the soft spherocylinder model to develop methods of calculating material properties (where a large number of mesogenic molecules are required) and to facilitate studies of chiral solutes in a reference liquid crystalline solvent. Table 3 . Results for a series of isotherms studied in the NpT ensemble. 
